RELATIVE METROLOGY GAUGE e

@® The linear relative metrology gauge had reached an accuracy
of 0.15 pm rms in vacuum. This meets the OSI linear gauge
requirement.

O The accuracy mentioned above was obtained by comparing
two independent gauges monitoring the distance between two
corner cubes.

® Smail changes in the temperature (few millidegrees) cause
the two interferometers to go out of alignment with respect to
each other producing a linear drift between the two gauge
readings (<10 pm rms per measurement).

O A dithering mechanism which moves the beam launcher to
find the optimum alignment position has been developed.
The complete gauge will be tested this summer.
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Ne for spatial interferometry
Yekta Gursel

Jet Propulsion Laboratory
California Institute of Techuology
4800 Oak Grove Dr., Pasadena, C'A 91

ABSTRACT

Very high resolution spatial interferometry requires picometer level one-dimensional metrology, surface metrol-
ogy and 3-dimensional metrology. Micron level accuracy is required for absolute metrology systems for spacecraft
like the proposed Orbiting Stellar Interferometer (OS1) carrying high resolution spatial interferometers.

A surface metrology syvstemn with a repeatability of less than 0.1 nm over an aperture of several nches in vacuum
has been demonstrated. An absolute calibration system for this gauge is in development.

An absolute metrology svstem with an accuracy of 10 microns over a distance of 10 meters is also under
constraction. This system uses a 1319 nm, solid-state, infrared luser locked to an Ultra-Low-Expansion (ULE)
glass cavity to an accuracy exceeding 1 part in 10 The length of the cavity is controlled by a thermal vacuum
oven. I millidegree Centigrade root-mean-squared (rms) cavity temperature stability with the oven in vacuumn has
been achieved for time scales of days. The digital laser servo is capable of following the length of the cavity with
an Allen deviation of few hundred Hertz for time scales of a day. ['wo lasers locked to the same cavity are used
to supply a simutancous cavity length measurcment as well as the absolute distance measurement. The absolute
distance measuring part of the gauge is under construction.

An auto alignment system is being developed for our linear relative metrology gauge which had achieved an
accuracy of 0.1 picometers. ‘T'his gauge will be used to construct a 3- dimensional metrology gauge with an accuracy
of le

s than 10 pm rins for time seales of minutes initially.

1 INTROI UCTION

Very high resolution spatial interferometry requires picometer level one-dimensional metrology, surface metrology
and 3-dimensional metrology. Micron level accuracy is required for absolute metrology systems for spacecraft like
the Orbiting Stellar Interferometer (OS1) carrying high resolution spatial interferometers,

In two previons papers' ¥ we demonstrated an accuracy of 0.15 picometers root-mean-squared (rms) for the
Orbiting Steilar Interferometer (OS1) relative metrology gauge. ‘Fhis accuracy was obtained by comparing two
mdependent gauges monitoring the distance between two corner cubes. Small changes of the order of few millide-
grees Centigrade in the temperature cause the two interferometers to go out of aligniment with respect to cach other
producing a hnear drift between the two gauge readings. This linear drift is few picometers rms in magnitude.

To remove this linear drift, a dithering mechanisin which moves the beam launchier cube during the measurement
lias been developed. The position of optimum alignment for each interferometer can be deduced from the dithered
data. This method of drift removal will be tested carly this sununer. The resulting drift {ree, picometer accuracy

linear metrology gauge will be used in constructing a 3-dimensional metrology gange with less than 10 picometer
IS accuracy

The remaining two gauges namely the swrface metrology gauge and the absolute metrology gauge, are nearly
complete. Tn what follows, | will give a detailed description of the surface metrology gauge and the absolute

v

metrology gauge with their cucrent performances. The design for the 3-dimensional gauge is presented afterwards.




Figure 1: The surface metrology gauge
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2 SURFACE METROLOGY GAUGE

2.1.  Gauge Description

The basic gauge architecture is shown in Fig. 1. A stabilized, polarized Helium-Neou laser 1s coupled into a
polarization preserving fiber. I'he fiber goes through a vacuum seal and euters the four feet vacuum chamber. 1t
Is attached to a fiber holder with three degrees of freedom. The fiber holder and the rest of the gauge is attached

to a 3" by 47 by 27 optical breadboard. The breadboard rests on vibration isolating, silicone rubber pads attached
to the skin of the vacuum chamber. The chainber itself rests on four pneumatic vibration isolators.

On the breadboard, an anti-reflection coated, low-aberration, collimating lens :

seinbly creates a nearly afocal
beam with a diameter of three mches

A four-inch clear aperture, A/20 flatness, H50% 50% beam splitter separates
the hea into two equal intensity beams forming a Michelson interferometer.

One of the beams reflects from a 27 reference flat which 1s mounted on a three degree of freedom stage. 'l
stage supplies the tip, the tilt and the rotation-about-the-axis-of-the-beam degrees of freedom.

The other heam reflects from a 27 test flat which 1s mounted on another three degree of frecdom stage that
supplies the coarse and fine tip, the coarse and fine tilt and the piston degrees of freedomn.

The two reflected beams are combined together at the beam splitter to form the interference fringes. An
imaging lens iages both of the mirrors on an uncooled, 8-bit comnmercial CCD video camera forming an equal
arm iuterferometer within the depth of focus of the optical system. The optical system is aligned to give zero bias
fringes across the whole field of view.

The output of the camera is brought out of the chamber through a vacuumn feedthrough aund it is digitized by
a frame grabber on a VMI bus computer system.

The computer system steps the piston piczo-clectric transducer and collects data atl each step, co-adding inages
pixel by pixel to improve the signal-to-noise ratio. The resulting set of images are written to magnetic disk for
subsequent analysis.




Pigure 2: The surface metrology algorithim
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2.2. Mecasurcement Procedure

N-1

Iu the actual measurement, a wavelength is divided in 80 nearly equa Harts. The piston ransducer is stepped
through two wavelengths, pausing to collect data at each step.

One hundred video frames at a resolution of 320 by 240 pixels are co-added pixel by pixel at the rate of 7
frames per second by the stepping CPU to create a single image at cach step. This iinproved linage is stored on
magnetic disk before proceeding to the next step. The measurement phase ends when the stepping CPU collects
160 enhanced images corresponding to the steps in the two-wavelength scan. A final enhanced dark image with the
jeasurcinent laser blocked is taken to calibrate the dark level for the measurement.

2.3.  Analysis Procedure

The data analysis is performed of-line by a faster computer as illustrated by Fig. 2. I'he algorithm considers cach
pixel independently and it is completely parallel suitable for mully processor systemns,

First, dark image subtraction is applicd to all of the nmages to sct the zero-intensity level, Then, a “flat-field”
image is generated by adding all images which span almost exactly a wavelength. All of the images are then
dynamic range compensated using this “flat-field” nmage.

The surface figure extraction for each pixel proceeds as follow

A cross-scction of the intensity across all the
images corresponding to the pixel considered is constructed as a function of the step number. 1deally, this is a simple
sinusoidal curve with constant amplitude, frequency, phase and offset. The actual measurement 1s conlaminated
with noise. so a non-lincar. least squares fit is performed with the amplitude, the frequency, the phase and the
offscl as parameters. 'The initial values for the fit is generated by considering global changes across the curve.

The phase thus obtained gives the “disconnected™ phase across the surface. Since there are zero bias fringes
across. and the mirrors are nearly flat, the “disconnected” phase can only he different from the neighboring pixels
by multiples of 2. After every pixelis processed, a scan across the phase map is performed to match all phases to
the first pixel of the image using the continuity of the phase across the image. The actual surface figure is directly
proportional to the phase map. A phase difference of 4w corresponds to a change in flatness by one wavelength of
the ase light 4




Figure 3: Phase image without spurious fringe rejection
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The other derived parameters give indications of the goodness of the algorithin. The amplitude image is a
measure of the quality of the flat field compensation. T'he frequency image informs about the wobble of the piston
transducer as it pushes the test flat. The oflset iinage is a measure of the quality of the dark compensation. The
“chi-square”™ hiage which is formed by the “chi-square” values for cach pixel fit tells whether the fits across the
image are of the same quality.

2.4. Systanatic Errors

Systematic errors arise due to spurious reflections in the optical system finding their way into the CCD camera.
These spurious fringes move with the residual vibrations leaking through the isolation system. Siice many images
are added at each piston transducer step, the motion of the spurious fringes are registered differently by each
enhanced image. The common part of the spurious fringes which stays the same m cach enhanced image is
cancell ed by the non-lincar fit procedur e. The moving part of the spurious fringes is not cancelled and it appears
as a systematic error in the measurement result.

i order to eliminate these systematic errors, the entire CCD camera is mounted onan axial motion stage which
nroveshymany wa velength s of the 1i aserlightperpendiculartothebeanmduring theexposures. This motiou is well
within the depth of focus of the system and it does not cause loss of image resolution. It completely removes the
systematic errors docto spurious fringes since they arc pertodic with the wavelength of thelaser light.

Fig. 3and Fig. 4illust rate t he results of tile spurious fringe removal procedure. Pig. 3 shows a phase image
with stationiary caniera. ‘There are many spurious fringes arranged regularly across the iimage. These arc caused
by the back- reflectedlight from 1 he CCD camnera and they arc indced fringes representing the pixels of the camera
enlarged by the opt ical syst e Fig. 4 shows the result of  the subsequ entmeasurciment with the moving CCD
catmera, All spurious fringes have been eliminated by this procedure,

No optical system aberration errors appear in tile results since both of the heamslollow exactly tile same path
throughtheoptical sy ste m. Honee, naking a large aper it ¢ suwrface met rology syste minvolves only purchasing
large diameter collimating and imaging lenses arid a large diameterbeam splitter. The rest of the system functions
as built,

Anot her source of systenatic errors is the tempera ture drift during the measurenments.  I'wo subsequent mea-




igure 4: Phase image with spurious fringe rejection

surements may not agree since in the intervening time, one or both of the mirrors may have been warped due to the
fluctuating temperature. These effects are not noticed at the A/100 level of resolution where A is the wavelength
of the laser light. However, they are well pro notuced at the A/1000 level of resolution. To eliminate such errors
whilecomparing nieswsureme nts, the expo sures for the corresponding measurements are interleaved. An absolute
measurement device has to be actively temperature stabilized to sufficient accuracy to prevent warping due to
fluctuating temperature, Thismay require special mounts for the reference andthe test optics.

T'he remaining sources of systematic errors are the reference flat and the beamsplitter. All measurements are
performed with respect to a fixed orientation of the reference flat and the beamsplitter. An algorithm which
eliminates the reference flat figure and the beamsplitter figure froni the measurements is under development.

2.5.  Measureme nt Results

The fig ures Fig. b, Fig. 6, Fig. 7. Iig. 8, Fig. 9, Fig. 10 show some of the resnlts obtained using the surface
metrology gauge. First five figures are the results of two interleaved runs with 100 frames co-added at each step
over awavelength. Fach rung consists of 80 steps over a wavelength or piston trausducer motion.

Fig. b shows the surface figure error of two 27 flats (reference and test) inicasurement run (a). Bach of these
mirrors are rated at A/10 by their manufa ctu rer. The figure covers the central 17 squa’® of the mirrors.

ig.6 Snow’s a11csiieriice figure error of two 27 flats (reference andtest) inmcasurement run (b). lach of these
mirrors arerated ac A/10by their imanufacturer. The figure covers the central 1™ square of the mirrors.

Pig. 7 shows the difference between the two runs. The rms fig ure ervor is nearly A/6,000. The following two
figures shiow the difference between the two runs analyzed in a diflerent way to reveal the justrument noise level
andthe eflects of temperature drifts. One of the runsis taken 1o be the sum of thetworuns: All immages takenin
the measurementsare considered to be asingle run. Then, the individual runs are subtracted from it.

Pig. 8 shows the difference hetween the phase result of run (a4 b) and run (a) while Fig. 9 show s the difference
between the phase result of (a-4 h) and run (b). In the fit st case the rns figure crror improved significantly. The
next case roveals anupper bonnd for the instrument noise level including the it crror: 1Uis nearly A/60,000 rms
i the large flat region which almost entirely covers the figure.

.

The figure IMig. 1 0 shows the results of a test run with 25 frames co added at cach piston transducer step.




Wavelengths

Figure h: Surface figure error asineasured by run (a)
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I'igure 6: Surface figure error as measured by run (b)
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Figure 7: The difference between the 1 wo runs: (b) -(a)

Repeatabilily (09/02/94b — 09/02/94a)
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Figure 8: The difference between the two runs: (a1 b) -(a)
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‘igure 90 The difference between the two runs: (a4 b) - 'b)
Repeatability (09/02/94 a+b - 09/02/94b)
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I'he number of steps was equal to the the munber used in the me

r

surements above. The difference between two
mterleaved test runs is shown to indicate the photon noise level. There is no appreciable difference between the
results of this run with reduced co-added frame number and the runs with four times larger co-added frame number
This fact alone cuts the measurcinent time by a factor of four also reducing the effects of temperature drifts.

Further results demonstra ing the reference mirror figure and the beamsplitter figure subtraction together with
mmproved micasurement speed and thermal response will be deseribed in a subscquent paper.

3. Al SOLUTFE METROLOGY GAl Gk

The dual infrared laser absolute metrology gauge consists of three parts: The dual laser stabilization system with
cavity length readout, the heterodyne modulation systemn and the absolute and relative distance monitor. In what
follows. | will describe the basie gauge architecture, the laser stabilization technique, the measurement technique,
and the detailed _:,_._,m:.::::.t of gauge subsystems.

DI

3.1 aag ription

ystem s shown in Pig. 11, Fwo 1319 nm, solid state, diode
pumped lasers are coupled to polarization preserving fibers with two separate outputs. The low power outputs
(~ ImW) are modulated at two different frequencies and combined together with a 50%-50% fiber coupler. The
combined light is routed to a vacuum therinal oven which contains a ULE Fabry-Perot cavity.

The absolute metrology gauge laser stabilization

The Fabry-Perot cavity consists of a b cm long spacer optically contacted to two 10 ¢m radius of curvature
spherical mirrors. T'he fringe width of the cavity is 300 kllz which is determined by the mirror coatings. The cavity
is suspended in a eylindrical copper canister with two perpendicular delrin spiders which prevent the cavity from
tilting with respect to the axis of the canister. One end of the cavity can slide in the holder to prevent the spiders
from pulling the cavity as the thermal oven is heated to the operating temperature,

The copper canister itself is suspended from a three-rod optical beneh with two perpendicular delrin spiders
Three heating pads and a thermistor on the canister form the transducers and the sensor of the cavily heater servo

The mfrared aser ligh reaches lie cavity after passing hrough he skin of the vacuum chamber in a polarization
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Figure 12: The absolut e metrology gauge heterodyne modulation system
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preserving fiber in a vacuumfeedthrough. The light from the fiber is mode-atched to the cavity by a singlet lens
andreaches the cavity through an axial hole in the copper canister after passing through a polarization circulator just
outside the canister. Thelight reflected from the cavity is diverted by the polarization circulator to a photodetector
which also residesin the vactium chamber near the copper canister.

The vacuum chamber is a 47 inner diameter, 12”7 long conflat vacuum nipple. The laser light aligned with
respect to the cavity insuch a way to make the 7Moo mode of the cavity to carry inost of theincoming encrgy
whe n t he frequency of Che input light matches the resonance frequency of the maode. The alignment is performed
onece when 1 he chamber is open. 1t stays fixed and untouched after the vacuuin chamber is closed.

The electrical signals from the photodetector inside the chamber arc brought out by a vacuum feedthrough and
they arc demodulated by an array of demodulators. The outputs of thedemodulators arc separately digitized by
a 16 bit, multi-channel A/D. A single board computer computes t he servo feedback signals and drives the piezo-
electricand thie thennal fee dback inputs of bot h of the lasers through a chain of 16 bit 1)/ A’s, T'wo lasers are
locked to two subsequentlongitudinal modes of the cavity which are approximately 3 GHzapart. The frequency of

both of t helasers can be t uned digitally by 21 13 GHz independent ly. The maxitnum tuning range without a laser
mode hopis 15 G Hez.

Portions of the large power output POrts (~ 10 mW) of the lasers are combined to give a heat signalon a
wideband photodetector which drives a nine digit frequeney counter. T'he cavity length is determined when both
fasers are locked to two subsequent longitudinal inodes. The frequency of the beatsignal is a direct measure of the
cavity length. Thisnummber is read out by the servo computer to compute the cavity length to 1 partin 10", The

maiportion of thelarge power OW tput ports is kept separ ate and it is fod into the absolute metrology heterodyne
modulation systcm.

I"ig. 12 shows the absolute metrology gauge heterodyne modu lation systemn

This system generates two independent heterodyne measurement beams with independent reference detectors
using only three acousto-optic 1nodulat ors. Separate half-wave plates are used to correct any residual polarization
rotation on the beams.

Iig. 13 shows the absolute metrology distance measurement systen. One of the heterodyne interferometers is
used as a lincar relative metrology gauge to keep track of the changing distance between the corner cubes while the
other one is tuned through its frequency range o determine the absolute distance. The outputs of the measurement




Figure 13: The absolute metrology gauge distance measurement system
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photodetectors are compared to the outputs of the reference photodetectors by the separate metrology CPU to
determine the distance aud 1o apply corrections.

Stice the init ial accuracy of  he al ssolute metrology gauge is 10 micronsat 1( | meters or equivalently Iimicron
atlmeter, the relat ive and the absolute measurement beams do not need to overlap. A piezo- electric t ransducer

on one of the corner cubes aids the relative metrology gauge to hold the measurciment distance constant by servo
action.

3,2. Laser Stabilization Technigue

The principle behind the laser stabilization technique is illustratcdinFig. 14. The familiar reflected intensity
derived, chopper st abilization system is used. T'he laser frequency is made to hop to either side of the cavity fringe
and anintensity measurement is taken at each side. The diflerence in these measurements indicate how far the
laser frequency is away from the true resonance. A servo signal is generated and app lied to the laser to hold the
frequency at the right vatue,

The detailsof t hemodulation system is iHustrated in Fig. 15, The servo siginals are derived and filtered digitally
to form the integrators shown i the diagram.

3.3.  The Mcasurement Technique

The measurement of the ab solute distance is performed by tuning the absolute distance n easurement laser while
monitoring t he fringe counter out put of the corresponding heterodyvne interferometer. If the frequency is {uned by
anamount " and N fringes passed while the laseris being tuned, the absolute distance 1) is given by D = c¢N/F
where ¢ is the speed of light This technique is illustrated in Fig. 16

The amount of t uning is det ermined by the number of cavity inodes the Jaser frequency goes through during
the tuning. Initially thelaser is locked to a particular cavity mode. The locking is released and the laser is tu ned
an amount which spans several cavity mod es. At the eud of the tuning, the faser is again locked to the nearest
main cavity mode. The tuning aiount obtained is an exact, multiple of the cavity free spect ral range which is
independent ly mcasured by the laser stabilization systeni to 1 pai tin 107



Figure 14: The
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Figure 16: The absolute metrology measurement technique

!
1My modes of the cavily Lete i
(brequency niarkers) E

. B »
4 y+! Q2 +1 444 Qs
ol 1*< 4 1 { 4 t
X i - - Frequeney
Caviny Irsage widih ~ X0 K11, LG,
- L

1S GH theamal g range

F = the trequency interval between the two axisl modes which mark the (unmy ranye

I3 .
VA A
Oulputs ot interferometer detectors \/ \\ j \\
[
v \/ Vo
: 4

- [

N = the number of fringes passed while the laser is being tuned

Then, the absolute leugth 1) is given by:

E)_:c_N'/_ I l

where c s the speed of Jight

The munber of fringes which passed by is determined by the heterodyne metrology fringe counter system which
counts integer as well as fractional fringes. The instantanecous fractional accuracy of the fringe counter system is
A/5120. Integration of the resulting counts improves this accuracy.

3.4, Performance of Gauge Subsystemns

As shown in previous papers. t he linear relative metrology part of the gauge is capable of an accuracy of 0.15 pm

rims. The same modulation schemie, t he same distance measuring ar chitect ure and the samefringe counter are used
mthe absolute nietrology gauge.

The following figures illustrate the performance of remaining gauge subsysterns. The complete gauge will be
operational early this summer.

I'ig. 17 shows the cavity temperature servo performance. The plot shows the actual cavity tenperature as read
by asensormountedont he  cavity.

Pig. 18 shows main cavity mode fringe as digitally scanned by the stabilization system. The demodulator output
is shown. Note that the fringe width is almost exactly 300 kllz.

The figures Fig. 19, Fig. 20, Fig. 21 snow the performance of thelaser servo during afour day continuous run.
The laser was locked ot he saime cavity fringe a all times. It is capable of t racking «he length of the cavity with
anAllendeviationof few hou ndred Hertz for a time scale of a day.

Fig. 22 shows t he bandwidt I of the servo system. The servo gainisraiseduntilthe servo darts oscillating. This
oscillation occurswhenthe closed loop gain is nearly unity. The oscillation is recorded while the laser is locked to
the fringe by the servo recording system,

Fig. 23 shows t he wide range tracking ability of the laser stabilization servo. The cavity thermal servo was
turned off for a day to bring the cavity to ambient temperature. 'The laser was then locked to the cavity and the
cavity heater servo was t urned on. The laser suceessfully tracked the lengthening cavity resulting manupper bound
forthe expansioncocellicient cavity-oven assent ibly. The run length is too short to determine the exact expansion
cocflicient.

An initial mcasurement of the cavity length has been performed using the system described above shortly after




Degrees C

Volts

Figure 17: The cavity temperature stability

vacuum Oven Stability

0.006' P Z DT e il . 17
| With sponge cover on the chamber
Lo oL . e g -

0.004 B B Sl
0.002 ‘. * {W
-0.002 |
-0.004 | <@ -——- | - T e !

[ Variation: 1.25 rm‘illidegrees@nmsJ ‘
-0.006 T ST

[ Avaraggeletemperatureledi ddeyreessc %l
_ o I ”‘[;f',f}: '
0.008 0.5 1 1.5 2.5 }
Days
Figure 18: The mam cavity mode
TEMoo Mode
0.4 - -
0.3 Co /\
011 P = B
0
01 |
[Fringe DC level: 0.065 Volts

0.2] °
-0.3
0.4 |- |

0.2 04 06 0.8 2 14 3 ?

MHz




0.0015

0.001

0.0005

MHz

-0.0005
-0.001
-0.0015

-0.002

0.001
0.0008
0.0006
0.0004

40,0002

MHz

-0,0002
-0.000¢

-0.000(

Dffset: 0.003353 MHz' EStandaArdr dieviation: 0.00039 MHz

Offset: 0.003376 MHz [LStandard deviation: 0.00022 MHz

I"igure

Error

9: The laserservoperformance (a)

Signal (03/17/1995)

Calibrated to fringe width (300 kHz)

;

l

|

5 10 15 20

i

R R S

nY
(93}

Figure 20: The laser servo performance (b)
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I'igure 21 The laser servo performance (c)
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Figure 23: The laser servo wide-range tracking,
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the conclusion of this conference. An accuracy 1 part in 10% is obtained with the first data. This result is expected
to improve by a factor of 10 rapidly.

4. 3-D METROLOGY GAUGE

The design for the 3-dimensional inctrology gauge is presented in the figures Pig. 24, Fig. 25, and I'ig. 26. Five
lincar metrology heads with huilt in dithering are mounted on a 27 by 2’ super invar breadboard which serves as a
reference surface. ‘These heads monitor the distance between their internal corner cubes and one external corner
cube. The external corner cube is mounted on a five degree of freedom stage to siimulate the angles of incidence

encountered under realistic conditions.

The design uses the lincar relative metrology gauge which was developed before. The improvements to the linear
gauge include an all-fiber distribution system and built-in dithering on a thermally stable base. The modulation
system remains unchanged. The entire gauge once again is constructed on a scisinically isolated optical breadboard
inside the four feet vacuum chamber,

The purpose of the gauge is to locate the corner of the external cube with an accuracy of less than 10 pm rins

for a mecasurement time of few niinutes. Farly results from this gauge will be available late summer and they will
he presented in a subsequent paper.

5. SUMMARY

The surface metrology gauge for the Orbiting Stellar Interferometer (OS] has reached a repeatability of less than
0.1 um. The absolute calibration of the gauge is in progress.

All subsystems of the absolute metrology gauge are functioning within heir specifications. The complete gauge
will be tested early this summer.

The design for the 3-dimensional metrology gauge is presented. luitial results from this gauge will be available
carly this fall.




Figure 24:The 3-1) metrology
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Figure 26: The 3-D metrology modulation subsystem
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